OBJECTIVE: Hypocalcaemia detrimentally affects the cardiovascular system and massive transfusion-related hypocalcaemia is particularly severe in end-stage liver disease patients undergoing liver transplantation (LT). This study, therefore, compared the severity and duration of ionized hypocalcaemia between patients with normal and impaired liver function. METHODS: Patients (n = 26 per group) were transfused at a rate of 10 ml/kg within 10 min with packed red blood cells (PRBCs) during LT (group LP) or spinal surgery (group SP), or were infused with 0.9% normal saline during spinal surgery (group SN). Serum levels of ionized calcium were assessed before (T 0 ), just after (T 1 ), and at 20 (T 2 ) and 60 min (T 3 ) after transfusion. RESULTS: Transfusion with PRBCs caused more severe ionized hypocalcaemia than 0.9% normal saline at T 1 . In contrast to the faster (20 min) normalization in group SP, ionized hypocalcaemia in group LP persisted at T 3 . Serum ionized calcium levels at T 3 showed correlations with vital signs, blood glucose, serum potassium, base deficit and lactate. CONCLUSION: Rapid blood transfusion caused more severe and prolonged ionized hypo calcaemia in patients with liver dysfunction than in those with normal liver function.
Introduction
Liver transplantation (LT) frequently requires many blood transfusions due to the surgical complexity and intrinsic coagulopathies of end-stage liver disease. 1 -3 Compensation for excessive blood loss is essential for oxygen delivery and circulatory stability during major surgery, but excessively high volume or speed of delivery of blood transfusion can cause lifethreatening complications. 4, 5 Hypocalcaemia is one such massive transfusion-related complication that has attracted considerable attention from clinicians. Calcium ions are an essential component of various physiological processes and play a critical role in maintaining cardiovascular and neuromuscular function. 6, 7 Exogenous citrate, a preservative used in banked blood products, is thought to be the main cause of hypocalcaemia following blood transfusion. 8 -11 Citrate chelates with calcium to form a calcium-citrate complex which is finally metabolized in the liver. If
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hepatic function is impaired, restoration of serum calcium concentrations may be abnormally delayed. 12, 13 Serum ionized calcium is considered a more clinically useful indicator than total calcium when there are interactions with citrate or during calcium chloride administration. 14 -16 Myocardial depression is a possible complication of inadequately corrected ionized calcium 17 and, in extreme cases, hypocalcaemia may be associated with cardiac arrest. 18 Improper monitoring and correction of ionized hypocalcaemia following massive transfusion may, therefore, contribute to increased mortality in LT patients. 19 Despite this clinical importance, however, ionized hypocalcaemia following blood transfusion has not been a frequent subject of LT-related clinical studies. In addition, comparative studies of ionized hypocalcaemia after rapid blood transfusion in LT patients and patients with normal liver function are sparse.
The aim of the present study was to investigate the severity and duration of ionized hypocalcaemia following rapid blood transfusion in patients with impaired liver function compared with patients with normal liver function. The study protocol received approval from the Institutional Review Board of Seoul St Mary's Hospital and written informed consent was obtained from all patients prior to enrolment in the study.
Patients and methods

STUDY POPULATION
INTRAOPERATIVE MANAGEMENT AND BLOOD SAMPLING
Anaesthesia was induced with 2.0 mg/kg propofol and 0.9 mg/kg rocuronium intravenous injection, followed by isoflurane, remifentanil and atracurium as required to maintain bispectral index in the range 40 -60 in a 50% oxygen/50% air HS Chung, SJ Cho, CS Park Rapid blood transfusion-induced ionized hypocalcaemia in LT mixture. After anaesthetic induction, a 22gauge angiocatheter was inserted into the patient's radial artery for continuous bloodpressure monitoring and arterial blood-gas analysis. Serum levels of ionized calcium and other variables (base deficit, potassium, lactate, glucose) were measured using a blood-gas analyser (ABL800 FLEX; Radiometer Medical, Brønshøj, Denmark) using ready-made arterial blood collection syringes (Preset™; Becton, Dickinson and Co., Franklin Lakes, NJ, USA).
Infusion with PRBCs or normal saline was started as early as possible after anaesthetic induction and before the main part of the surgical procedure to prevent intervening confounding factors, such as surgical bleeding or inevitable fluid administration for circulatory support. Considering the definition of massive transfusion (replacement of > 50% of the patient's estimated blood volume/h), the transfusion rate for this study was 10 ml/kg within 10 min. Subsequent fluid administration was restricted to hourly minimum maintenance using 0.9% normal saline at 4 ml/kg per h until 60 min after the transfusion. Patients requiring additional PRBCs were excluded from the study. Mean arterial pressure (MAP), heart rate and body temperature were monitored, and serum base deficit and concentrations of lactate, potassium, glucose and ionized calcium were measured before (T 0 ), just after (T 1 ), and at 20 min (T 2 ) and 60 min (T 3 ) after the transfusion.
STATISTICAL ANALYSES
Power analysis was performed to ensure a power of 80% for an α-value of 0.05. In preliminary observations the mean ± SD serum ionized calcium concentrations at T 2 were 4.32 ± 0.15, 4.14 ± 0.18 and 3.96 ± 0.21 mg/dl for groups SN, SP and LP, respectively. Using these data, a minimum sample size of 24 patients/group was calculated for intergroup discrimination. To allow for possible dropouts at least 26 patients were needed for each group.
All data were presented as mean ± SD or n (%). Patients' demographic data were analysed using one-way analysis of variance (ANOVA) or the χ 2 -test, as appropriate. Intraoperative transfusion-related sequential variables were analysed by repeatedmeasures ANOVA and Scheffé's test (intergroup comparison for a specific timepoint) or Dunnett's post-hoc test (intragroup comparison with the T 0 value). Pearson's correlation coefficient was used for the correlation analyses among the timesequential variables after the transfusion. All tests were two-sided and a P-value < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS ® version 18.0 (SPSS Inc., Chicago, IL, USA) for Windows ® .
Results
A total of 90 patients were eligible for inclusion in the study, of whom 12 were excluded (four spinal surgery patients with elevated SGPT; three LT patients with associated primary renal dysfunction, and three LT and two spinal surgery patients with severe haemodynamic instability). The study finally enrolled 78 patients (n = 26 per group).
The most common indication for LT was cirrhosis of hepatitis B virus origin (16/26 patients; 61.5%), and the mean model for end-stage liver disease (MELD) score 21, 22 for LT patients was 16.4 ± 10.1. Clinical and demographic data for the patients in all three groups are given in Table 1 . There were no significant between-group differences in age or body mass index, but males were more prevalent in group LP than in the two spinal surgery groups (P = 0.001). Mean
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serum hepatic transaminase levels were elevated approximately four-fold in group LP compared with the spinal surgery groups, although the large SD in group LP meant that this difference was not statistically significant for serum glutamic oxaloacetic transaminase. Patients in group LP showed significant differences from spinal surgery patients regarding haemorrhagic tendencyrelated parameters such as haemoglobin, international normalized ratio of prothrombin time and activated partial thromboplastin time (P < 0.001 for all comparisons). There were no significant differences in preoperative serum ionized calcium concentrations between the three groups. Table 2 shows the changes in vital signs and laboratory variables over time after rapid blood transfusion. Significant changes were observed with time for MAP, body temperature, blood glucose and circulationrelated indicators including base deficit and lactate (P < 0.001 for all comparisons except blood glucose, which was P = 0.001). Differences in body temperature and lactate between liver transplant and spinal surgery patients were evident from T 1 , and differences in blood glucose were observed from T 0 . Heart rate significantly increased in liver transplant patients compared with spinal surgery patients from T 2 onwards (P < 0.05), and MAP and base deficit were significantly different at T 3 
groups. Base deficit worsened after transfusion in groups SP and LP (T 1 versus T 0 ; P < 0.05 for both comparisons), and lactate increased in group SP over the same time period (T 1 versus T 0 ; P < 0.05). The worsened levels of base deficit and lactate were restored to T 0 values by T 2 in group SP, but group LP sustained the worsened base deficit at T 3 . In contrast, there were no significant transfusion effects on circulation-related indicators in the SN group. Blood glucose was persistently higher in group LP than in the spinal surgery groups throughout, but was not significantly changed following transfusion.
There were significant changes in the serum ionized calcium level over time in both the LP and SP patients (P < 0.05; Fig. 1 ). Serum ionized calcium decreased immediately after transfusion (T 1 ) in group SP compared with group SN, but recovered at T 2 . In contrast, ionized hypocalcaemia in group LP persisted at T 3 , being significantly lower compared with both spinal surgery groups (P < 0.05 for both comparisons). Serum ionized calcium at T 3 showed significant positive correlations with MAP and base deficit (r > 0.3; P < 0.05), but significantly inverse correlations with heart rate, potassium, blood glucose and lactate (r < -0.3; P < 0.05). 
Discussion
Massive transfusion is traditionally defined as the replacement of a patient's total blood volume in < 24 h or as the acute administration of > 50% of the patient's estimated blood volume per hour. 23, 24 Massive transfusion may cause lifethreatening complications such as hypothermia, acid-base disturbance, electrolyte abnormalities (hypocalcaemia, hyperkalaemia, hypomagnesaemia), citrate toxicity and acute lung injury. 4, 25 The present study utilized a rapid transfusion rate based on the definition of massive transfusion and identified an association between rapid blood transfusion and timesequential changes in serum ionized calcium and circulation status (lactate and base deficit).
Maintaining serum calcium within a normal range is very important when managing critically ill patients because of its critical role in cardiovascular function and its association with illness severity. 26, 27 Ionized calcium is considered more meaningful clinically and physiologically than serum total calcium in some circumstances, such as liver transplantation, citrated blood transfusions and neonatal hypocalcaemia. 28 Blood products are usually preserved in citrate phosphate dextrose adenine, so serum levels of citrate may increase in proportion to the volume of transfused blood products. This does not normally cause problems in patients with normal liver function and circulatory volume. 29 The liver plays a determinant role in serum citrate level by metabolizing and clearing serum citrate; LT patients are, therefore, extraordinarily susceptible to elevated serum citrate during surgery due to the dual possibilities of massive transfusion and impaired citrate metabolism. Previous reports have found that serum citrate may increase by up to 20-fold during LT, 26, 30 decreasing the ionized calcium level by chelation and, consequently, inducing deterioration in cardiac work indices. The preoperative data in the present study indicated both a haemorrhagic tendency and liver impairment in LT patients. The detrimental effects of hypocalcaemia on vital signs were also confirmed. The decline in blood pressure and compensatory tachycardia were in parallel with delayed reversal of ionized hypocalcaemia in LT patients. This study did not measure serum citrate concentration because of the wellknown relationship between serum citrate and calcium concentrations. 13, 31, 32 A serum level of ionized calcium < 2.0 mg/dl (< 0.50 mmol/l) has been suggested as a critical threshold for life-threatening complications. 33 Haemodynamic instability and abnormal hypocalcaemia may occur at blood transfusion rates > 30 ml/kg per h, and the hypocalcaemia usually recovers within 10 min if the transfusion rate decreases. 34, 35 The current study was designed to consider this transfusion rate, but the hourly total blood transfusion volume and rate defined as massive transfusion was not attempted due to the risk of circulatory overload. The transfusion rate used in the SP group in the present study was, however, sufficient to make a meaningful difference in serum ionized calcium at T 1 compared with the SN group, in which blood was diluted using 0.9% normal saline instead of PRBCs. The recovery time for serum ionized calcium after blood transfusion in the SP patients was consistent with a previously reported time for patients with normal liver function. 34, 36 In contrast, ionized hypocalcaemia in the LT patients who received PRBCs was more prolonged than expected and persisted 60 min after blood transfusion. When hypoalbuminaemia is considered, 26,37 -39 LT HS Chung, SJ Cho, CS Park Rapid blood transfusion-induced ionized hypocalcaemia in LT patients may have had an even more severe hypocalcaemia than normal patients. The ionized hypocalcaemia 20 min after blood transfusion in LT patients was not sufficiently severe to induce life-threatening cardiovascular complications, but disturbed cardiovascular performance due to hypocalcaemia could be fully implicated in the progressive decline in MAP, compensatory tachycardia, and deteriorated circulatory indicators, including base deficit and lactate.
The dangerous effects of ionized hypocalcaemia often require calcium replacement with exogenous calcium agents, such as calcium chloride or calcium gluconate, for haemodynamic stability during LT. 40 Since approximately 20% of citrate is excreted in urine, hypothermia correction or augmentation of blood flow and urine output is encouraged to enhance citrate clearance from the blood. 41 The body temperatures of LT patients seemed to have been controlled more tightly than those of patients with normal liver function in the present study. The LT patients were in a worse physical condition preoperatively and had coagulopathies, which could have been aggravated by hypothermia during surgery. Preventing hypothermia alone was not sufficient, however, to rescue the LT patients from hypocalcaemia following a rapid blood transfusion.
Serum lactate is considered one of the best biochemical markers for tissue hypoxia due to hypoperfusion, 42, 43 and sustained high serum lactate levels are associated with considerable morbidity and mortality. 44, 45 In the present study, the sensitivity of lactate in response to the impact of rapid blood transfusion in the LP group was superior to that of base deficit. Patients who received 0.9% normal saline showed reduced lactate levels compared with the LP group. Infusion with 0.9% normal saline improved circulatory blood flow, and overcame the effects of the dilutional decrease in serum calcium concentration without tissue oxygen failure. In contrast to group SN, the blood transfusion groups showed an increase in lactate immediately after PRBC transfusion, which was progressively aggravated in LT patients and remained aggravated at 60 min after transfusion. This implies that the detrimental effects of hypocalcaemia on the heart and blood vessels was much greater than the enhancement of oxygen content after blood transfusion.
These findings support the following clinically useful points for managing patients who receive banked blood products. First, 20 min is sufficient to overcome temporary rapid blood transfusion-induced hypocalcaemia in patients with normal hepatic function. Secondly, ionized hypocalcaemia after rapid transfusion is more prolonged and severe in patients with liver dysfunction, and exogenous calcium agents must be properly supplemented to rescue patients from vital sign instability or blood chemistry disturbances. Thirdly, the degree of hypocalcaemia correction should be properly controlled as, according to our previous study, 46 the overcorrection of hypocalcaemia during LT may be associated with post-transplant biochemical pancreatitis.
The present study had several limitations. The total duration of ionized hypocalcaemia after rapid blood transfusion could not be followed in LT patients because of possible intervening variables and confounding factors resulting from the primary surgical procedures. Hypocalcaemia in LT patients is known to be affected by the severity of hepatic dysfunction, duration of the anhepatic phase and the surgical procedure. 30, 47, 48 In addition, the total • Received for publication 10 October 2011 • Accepted subject to revision 4 November 2011
• Revised accepted 11 January 2012 Copyright © 2012 Field House Publishing LLP transfused blood volume and transfusion duration may have been insufficient to comply accurately with the traditional definition of massive transfusion.
In conclusion, patients with impaired hepatic function had more severe and prolonged ionized hypocalcaemia after rapid blood transfusion than patients with normal hepatic function. The patient's underlying hepatic condition must be considered when managing ionized hypocalcaemia following rapid blood transfusion.
